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the	great	 tit	 (Parus major)	 using	multiple	 approaches:	 (1)	 a	wild	population,	 (2)	 a	
randomly	mated	captive	population	and	(3)	an	experimental	study	with	(dis)assor-







tion	 than	bold	 females.	However,	 in	 the	 correlative	data	 yolk	hormones	were	
linked	with	male	personality,	as	well	as	the	interaction	between	female	and	male	
traits:	Male	handling	responsiveness	correlated	negatively	with	egg	A4	concen-
tration	 in	wild	birds.	 In	 randomly	mated	birds,	 pairs	 that	were	mated	assorta-
tively	for	personality	had	lower	egg	T	concentrations	than	disassortatively	mated	
pairs.
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1  | INTRODUCTION
Personality	 reflects	 variation	 among	 individuals	 in	 behaviour	 that	
is	 consistent	 both	 over	 time	 and	 context,	 and	 is	 often	 expressed	










especially	 hormonally	 mediated	 maternal	 effects	 (Bergman,	 Glover,	
Sarkar,	Abbott,	&	O’Connor,	2010;	Groothuis,	Carere,	Lipar,	Drent,	&	
Schwabl,	 2008;	Groothuis,	Muller,	von	Engelhardt,	Carere,	&	Eising,	
2005;	 O’Connor	 &	 Barrett,	 2014;	 Ruuskanen	 &	 Laaksonen,	 2010),	
might	contribute	significantly	to	variation	in	personality.
Maternal	 effects	 are	 a	 key	 mechanism	 generating	 phenotypic	
variation	 in	many	taxa,	potentially	programming	offspring	to	the	an-
ticipated	 environment	 (Mousseau	 &	 Fox,	 1998).	 Hormones,	 such	
as	 androstenedione	 (A4)	 and	 testosterone	 (T)	 transferred	 from	 the	
mother	 during	 embryonic	 development	 or	 into	 eggs,	 constitute	 im-





Engelhardt	&	Groothuis,	 2011).	 Egg	 androgen	 levels	 show	heritable	














be	 linked	 to,	 for	example	early-	life	hormone	exposure	programming	
the	 hypothalamus-	pituitary-	gonad	 (HPG)-	axis.	 Changes	 in	HPG-	axis	
sensitivity	 to	environmental	 stimuli	 for	example	could	alter	patterns	
of	 steroid	 hormone	 secretion	 or	 hormone	 receptor	 expression	 (e.g.	
Carere	 &	 Balthazart,	 2007,	Marasco,	 Herzyk,	 Robinson,	 &	 Spencer,	
2016),	thereby	influencing	behavioural	traits.
In	 our	 study	 species,	 a	 well-	known	 ecological	 model,	 the	 great	
tit	 (Parus major),	 a	validated	suite	of	personality	 traits	 (boldness	and	





sources	 and	 their	 interaction,	 could	 explain	 a	 part	 of	 the	 estimated	
heritability	of	personality	traits.	If	so,	parents	of	different	personality	
types	may	produce	eggs	that	differ	systematically	in	the	concentration	




































Araya-	Ajoy,	&	Kempenaers,	 2013).	 Because	 high	 egg	 androgen	 lev-
els	 may	 have	 both	 positive	 and	 deleterious	 consequences	 on	 off-
spring	 (von	Engelhardt	&	Groothuis,	2011),	 their	net	 effects	 for	 the	
offspring	are	likely	dependent	on	rearing	conditions.	Selection	might	
have	favoured	plasticity	of	egg	hormone	deposition	as	a	function	of	














fects	 (i.e.	 females	 of	 different	 personality	 responding	 differently	 to	













associated	with	 egg	 yolk	 androgen	 hormone	 concentrations	 (T	 and	
A4)	in	the	great	tit.	First,	we	tested	for	a	correlation	between	female	
and	male	personality	 traits	 (tonic	 immobility	 and	handling	 stress	 re-
sponsiveness	using	breath	rate	protocol,	Fucikova,	Drent,	Smits,	&	van	
Oers,	 2009)	 and	yolk	 androgen	 concentrations	 in	 a	wild	 population	
(N	=	54	breeding	pairs).	However,	in	such	data,	any	association	found	






correlates	with	 handling	 responsiveness,	 Fucikova	 et	al.,	 2009)—and	
the	 interaction	 between	 female	 and	male	 personality—and	yolk	 an-




rectionally	 selected	 for	 a	 combination	of	 exploratory	 behaviour	 and	
boldness	(fast-	bold	or	slow-	shy	lines;	N	=	24	breeding	pairs).	Using	as-
sortative/disassortative	crosses	of	these	 lines	we	evaluated	whether	
the	 personality	 types	 of	 a	 pair	 interact	 to	 influence	 yolk	 androgen	
deposition.	The	selection	lines	also	allowed	us	to	examine	correlated	




dling	 responsiveness),	 less	 explorative	 females	would	 lay	 eggs	with	
higher	 yolk	 androgen	 concentrations	 compared	 to	 more	 bold	 and	
explorative	 females.	We	 also	 predicted	 that	 egg	 androgens	 vary	 in	




patterns	 across	 the	 laying	 sequence	may	be	associated	with	 female	
personality	type	(Groothuis	et	al.,	2008),	and	some	partner	traits	(von	
Engelhardt	 &	 Groothuis,	 2011).	 These	 within-	clutch	 patterns	 have	
been	found	to	affect	sibling	competition	(Groothuis	et	al.,	2005).	We	
speculate	 that	personality-	dependent	variation	 in	 rearing	conditions	
(see	above)	could	serve	as	an	adaptive	explanation	for	variation	in	such	
patterns.	We	 thus	 predicted,	 based	 on	 a	 previous	 study	 (Groothuis	
et	al.,	2008),	 an	 increase	 in	yolk	androgen	 levels	over	 the	 laying	 se-
quence	in	the	eggs	of	fast-	bold	females,	and	a	decrease	in	the	eggs	of	
slow-	shy	females.
2  | MATERIALS AND METHODS
2.1 | Wild population of great tits
Our	data	collection	methods	are	described	in	Ruuskanen,	Darras,	de	
Vries,	Visser,	and	Groothuis	(2016)	and	(Appendix	S1).	The	data	from	











Females	were	 caught	during	 incubation	 (on	dummy	eggs),	 and	a	
handling	 responsiveness	 (HR)	 test	using	breath	 rate	was	conducted,	
following	Fucikova	et	al.	(2009),	see	Appendix	S1.	Briefly,	the	bird	was	
held	 in	hand	and	 its	breath	 rate	 (number	of	breast	movements)	was	
estimated	during	a	1-	min	period	in	15-s	intervals;	the	change	in	breath	
rate	 during	 the	 1-	min	 period	was	 used	 as	 our	measure	 of	HR	 (pre-	
restraint).	Next	we	placed	each	bird	into	a	small	cotton	restraint	bag	
for	5	min	after	which	we	repeated	the	HR	test	(post-	restraint).	HR	is	
repeatable,	 and	 correlates	with	 exploratory	 behaviour	 and	 boldness	
in	adult	great	tits:	Birds	selected	for	fast	exploration	and	boldness	re-
acted	more	strongly	(larger	increase	in	breath	rate)	compared	to	birds	
selected	 for	 slow	exploration	and	 shyness,	 and	 in	 a	wild	population	
exploration	was	significantly	positively	correlated	with	HR	 (Fucikova	
et	al.,	2009).	Secondly,	we	conducted	a	tonic	immobility	(TI)	test,	fol-





trials	 to	 induce	 it)	 and	 long-	lasting	 are	 more	 behaviourally	 reactive	
(shy-	slow)	individuals,	and	vice	versa	for	more	proactive	animals	(fast-	
bold)	(Forkman	et	al.,	2007;	Mills	&	Faure,	1986).	Both	the	number	of	





during	 chick-	feeding	 in	 nest	 boxes.	We	measured	 their	 behavioural	
traits	 similarly	 as	 above	 to	 test	 the	 association	between	male	 traits	
and	yolk	androgen	concentration	 (in	eggs	 from	 the	 first	 clutch),	 see	
Appendix	S1	and	Appendix	S2	for	sample	sizes.
2.2 | Common- garden experiment: captive,  
non- selected, randomly mated great tits














not	 significantly	 associated	with	yolk	 androgen	 levels	 (see	 statistics	















haviour,	high	boldness	scores)	and	 “slow-	shy.”	The	eggs	used	 in	 this	
study	were	unincubated	clutches	collected	from	assortatively	and	dis-













Data	 for	 each	 experiment	 and	 hormone	were	 analysed	 using	 sepa-
rate	 models	 with	 SAS	 9.4.	 proc	 MIXED.	 All	 hormone	 data	 were	
log10-	transformed,	and	after	transformation,	met	the	assumptions	of	
normality	and	homoscedasticity.
2.5 | Models for data for birds from the wild  
population
We	first	calculated	handling	responsiveness	(HR),	i.e.	slopes	over	the	
1-	min	 measurement	 periods,	 following	 (Fucikova	 et	al.,	 2009;	 see	









































together	 investigating	 whether	 yolk	 androgen	 concentrations	 were	
dependent	on	the	two-	way	interaction	between	the	sexes	in	TI	dura-
tion,	HR	and	the	number	of	TI	trials	(similar	models	as	above).	To	avoid	




2.6 | Models for data from captive non- selected, 
randomly mated birds
Our	 response	variables	were	yolk	T	and	A4	concentrations	and	 the	




were	 initially	 included	 as	 covariates	 to	 control	 for	 the	 potential	 ef-
fects	of	 temperature	 treatments	 (see	Appendix	S1),	but	 these	were	
not	 significant	 (T:	 ambient	 temperature	 4	days	 before	 egg	 laying,	
F	=	2.7,	p	=	.11;	 laying	date:	F	=	0.00,	p	=	.94;	A4:	ambient	 tempera-
ture,	F	=	1.36,	p	=	.24,	laying	date,	F	=	0.95,	p	=	.33)	and	thus	dropped.	
Random	 effects	 were	 female	 ID	 and	 family	 (controlling	 for	 non-	










All	 models	 were	 simplified	 by	 removing	 non-	significant	 inter-
actions	 and	 main	 effects	 (p	>	.05),	 starting	 from	 the	 largest	 values.	
Removed	factors	were	reintroduced	into	the	reduced	model,	contain-
ing	only	significant	terms,	one-	by-	one	to	confirm	their	non-	significant	
status	 in	 the	 reduced	model.	Kenward–Roger	method	was	 used	 for	
calculating	the	degrees	of	freedom.
3  | RESULTS
3.1 | Correlative data from the wild population
The	 female	 response	 to	 handling	 (HR,	 post-	restraint)	 and	 her	 tonic	
immobility	 duration	 (TI)	were	not	 associated	with	 clutch	mean	 yolk	















HR: p	=	.13).	 Furthermore,	we	 found	 a	 negative	 correlation	 between	
male	HR	and	clutch	mean	yolk	A4	concentration	(Table	1b,	Figure	3a,b).
There	was	 no	 interaction	 between	 female	 and	male	 personality	
traits	(TI,	HR	or	number	of	TI	trials)	on	either	yolk	T	or	A4	concentra-
tion	(Table	1c).


























male	 personality	 traits:	 shy	 females	 from	 the	wild	 had	 higher	 egg	
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A4	concentration	than	bold	females,	and	experimental	females	from	








sortatively	 mated	 pairs.	Within-	clutch	 patterns	 of	 yolk	 androgens	
were	 only	weakly	 associated	with	 personality	 traits	 of	 the	 female	
and male.
The	 experimental	 data	 from	 selection	 line	 birds	 suggested	 a	
genetic	 correlation	 between	 female	 behavioural	 traits	 and	 yolk	 T	
deposition,	with	no	effect	of	 the	male	personality	 type.	Also	 in	 the	




Log yolk T (pg/mg) Log yolk A4 (pg/mg)
Fddf p Fddf p
(a)	Female	traits
Tonic	immobility	(TI) 0.0544.0 .48 0.1143.0 .73
Handling	response	(HR) 0.0092.8 .59 0.1395.6 .72
Trials A4:	−0.028	±	0.012 2.3050.4 .14 5.5546.0 .022
TI	×	egg	order 0.0056.8 .98 1.80222 .18
HR	×	egg	order 0.92236 .33 0.63234 .42
Trials	×	egg	order 0.22249 .64 0.03249 .86
Egg	order T:	−0.010	±	0.002 
A4:	0.028	±	0.008
26.1251 <.001 14.6245 .002
Egg	order	squared A4:	−0.003	±	0.008 0.33247 .57 17.3247 <.001
N	=	298,	54 N	=	298,	54	
(b)	Male	traits
Tonic	immobility	(TI) 0.0917.0 .76 0.0317.7 .85
Handling	response	(HR) A4:	−0.051	±	0.022 1.7018.0 .20 5.0819.5 .036
Trials 1.9116.7 .18 2.5017.3 .13
TI	×	egg	order 1.5096.0 .22 0.24104 .62
HR	×	egg	order T:	−0.0105	±	0.00037 7.99104 .006 2.5098.6 .11
Trials	×	egg	order 0.8195.5 .34 3.7095.4 .07
Egg	order T:	−0.013	±	0.003 
A4:	0.020	±	0.010
16.69104 <.001 4.00103 .048
Egg	order	squared A4:−0.0027	±	0.0011 0.01102 .92 5.43104 .022
N	=	156,	28	 N	=	127,	23	
(c)	Female	×	Male	interaction
Tonic	immobility	(TI)	F 3.8421.2 .06 0.2921.9 .59
Tonic	immobility	(TI)	M 2.4422.1 .13 0.9222.2 .35
Female	TI	×	Male	TI 2.84 20.3 .11 0.2321.2 .63
Handling	response	(HR)	F 0.3316.8 .52 0.4616.8 .51
Handling	response	(HR)	M 0.3316.1 .57 4.7216.1 .045
Female	HR	×	Male	HR 0.4715.2 .50 0.0916.2 .76
Trials	F 0.2522.2 .73 0.6922.2 .41
Trials	M 0.0722.2 .78 0.0822.2 .78
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shy-	slow	personality	type,	Bertin	et	al.,	2009;	Forkman	et	al.,	2007;	
Mills	&	 Faure,	 1986)	 females	 laying	 eggs	with	 higher	yolk	A4	 con-
centration.	There	 are	 several	 non-	exclusive	mechanisms	 that	might	
account	for	this	association	with	female	traits,	including	(1)	yolk	an-
drogens	 influence	 the	 development	 of	 both	 personality	 traits,	 and	
the	transfer	of	androgens	to	her	eggs	after	 the	female	has	reached	
adulthood	 (i.e.	 priming	 effects);	 (2)	 yolk	 androgens	 are	 genetically	
heritable	and	affect	personality	traits;	(3)	correlated	selection	on	yolk	







et	al.,	 2016;	 Tschirren	 et	al.,	 2009)	 and	 affect	 various	 personality	
traits	 (Daisley	 et	al.,	 2005;	 Partecke	 &	 Schwabl,	 2008;	 Ruuskanen	
&	 Laaksonen,	 2010;	Tobler	&	 Sandell,	 2007;	van	Oers	 et	al.,	 2004;	
Vergauwen	 et	al.,	 2012;	 see	 e.g.	Marasco	 et	al.,	 2016	 for	 potential	






Our	 finding	of	a	 tendency	 for	higher	T	 levels	 in	eggs	of	 females	






























Egg order in laying sequence
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et	al.,	 2009).	Furthermore,	 in	 randomly	mated	birds,	pairs	 that	were	





































Predictor β ± SE
Log yolk T (pg/mg) Log yolk A4 (pg/mg)
Fddf p Fddf p
Female	exploration T:	0.0097	±	0.0044 4.8087.1 .03 1.10102 .27
Male	exploration T:	0.0051	±	0.0039 1.7071.5 .19 2.1097.9 .14
Female	expl	×	male	expl T:	−0.0021	±	0.00087 5.3966.7 .023 2.1075.3 .15
Female	expl	×	egg	order 3.10310 .09 0.11311 .74
Male	expl	×	egg	order 1.49310 .22 2.19328 .14
Egg	order T:	0.0140	±	0.0039 
A4:	0.0140	±	0.0039
13.10307 .003 10.70325 .001
Egg	order	squared T:	−0.0013	±	0.0003 
A4:	−0.0086	±	0.0003
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to	the	match	between	male	(personality-	related)	and	female	traits	may	
reflect	adaptive	responses	to	cues	 from	the	male,	perhaps	perceived	
differently	 by	 different	 female	 (personality)	 types.	 The	 lower	 yolk	 T	







2004;	Vergauwen	et	al.,	2012),	 these	 results	may	suggest	an	 indirect	
environmental	component	on	personality	variation	(yolk	hormones	are	
influenced	 by	 the	 environment	 and	 that,	 in	 turn,	 affects	 personality	
variation),	probably	interacting	with	the	direct	genetic	effect.
Our	results	also	suggested	that	not	only	clutch	mean	yolk	androgen	
concentrations,	 but	 also	within-	clutch	 patterns	 in	yolk	T	 concentra-
tion	over	the	laying	sequence	were	associated	with	male	personality	
traits	(HR),	or	associated,	unmeasured	traits.	In	a	previous	study	in	the	
same	 species,	 such	within-	clutch	 patterns	 have	 been	 found	 to	vary	
in	relation	to	female	personality	type	(Groothuis	et	al.,	2008),	but	to	
our	knowledge,	the	association	between	laying	order	effects	and	mate	








































































































were	 associated	with	 the	personality	 traits	 of	 the	male	 partner	 and	
the	mated	 pair’s	 composition	 of	 personalities,	 or	 some	unmeasured	
personality-	associated	trait	of	the	pair.	This	may	suggest	behaviourally	
mediated	plasticity	in	hormone	deposition.	Given	the	potential	effects	
of	 yolk	 androgens	 on	 personality	 development,	 such	 flexibility	may	
further	 facilitate	 the	maintenance	of	 (adaptive)	 personality	variation	
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